Background {#Sec1}
==========

Type 2 diabetes (T2D) is a major public healthcare problem affecting over 400 million people worldwide \[[@CR1]\]. Although various pharmacological agents have been applied to the treatment of T2D, fewer than 60% of patients achieve the goal of HbA1c \< 7.0% \[[@CR2], [@CR3]\]. Insulin resistance, a major etiologic feature, plays a crucial role throughout the entire development of T2D \[[@CR4]\]. Thus, attenuating insulin resistance has always been the foremost therapeutic goal. In clinical practice, metformin as well as thiazolidinedione (TZD) was used to improve insulin sensitivity, but up to 30% of patients cannot tolerate the troublesome gastrointestinal side effects of metformin \[[@CR5]\]. In addition, the use of TZD has been curtailed in recent years due to its increased cardiovascular morbidity and potential toxicities \[[@CR6], [@CR7]\]. Therefore, the development of alternative therapies with novel mechanisms is needed to alleviate insulin resistance and help patients achieve better glycemic control.

Mesenchymal stem cells (MSCs) are a pluripotent cell population that can differentiate into multilineage cells, modulate the local environment, and regulate autoimmunity. In recent years, MSCs reportedly exhibited exciting anti-diabetic effects \[[@CR8]--[@CR11]\]. Notably, in a prospective, randomized, single-blinded, placebo-controlled clinical study, MSC infusion not only reduced the exogenous insulin requirement, but also improved the insulin sensitivity index in patients with long-standing T2D \[[@CR12]\]. Animal study also demonstrated that MSC transplantation could alleviate hyperglycemia in T2D rats by ameliorating systemic and peripheral insulin resistance \[[@CR13]\]. Insulin resistance has been considered to be a chronic low-grade inflammation associated with adipose tissue macrophages (ATMs). ATMs in an M1 pro-inflammatory state, which mostly exist in an obesity state, generate reactive oxygen species and release inflammatory cytokines such as TNF-α or IL-6, leading to adipose tissue inflammation and contributing to the development of insulin resistance \[[@CR14]--[@CR16]\]. In contrast, macrophages in an M2 anti-inflammatory state reportedly play a beneficial role in maintaining insulin sensitivity and glucose tolerance \[[@CR17]--[@CR19]\]. Excitingly, in our previous studies, MSC treatment showed beneficial effects on improving insulin sensitivity by reprogramming M1 macrophages in adipose tissue into M2 state, representing a promising therapy for T2D with a novel therapeutic mechanism \[[@CR20]\]. However, increasing evidence has indicated that the hypoglycemic effect caused by single MSC infusion could only last for 1--2 weeks; afterwards, blood glucose gradually increases and reaches a level comparable to that of untreated T2D rodents \[[@CR13], [@CR21]\]. The similar limitation was observed in clinical trials \[[@CR22], [@CR23]\]. Therefore, developing new strategies to assist MSCs and enhance their efficiency in regulating metabolic disorders in T2D is essential. Given that the macrophage phenotype plays a key role in the pathogenesis and treatment of T2D, promoting macrophages towards the M2 state to enhance the hypoglycemic effects of MSCs may be a possible approach.

Decitabine, a FDA-approved DNA methyltransferase (DNMT) inhibitor, is widely used for anti-tumor therapy in patients with hematological malignancies \[[@CR24]\], since it can inhibit tumor cells at high dose by removing the aberrant DNA hypermethylation and reactivation of silenced tumor suppressor genes \[[@CR25], [@CR26]\]. However, some studies found that low-dose decitabine or other DNMT inhibitors can induce long-lasting anti-tumor effects without cytotoxicity or changes in cell cycle \[[@CR27]--[@CR29]\]. Subsequent clinical trials reported that the anti-tumor effects of low-dose DNMT inhibitors were largely mediated by inducing a growth-inhibiting immune response independent of DNA methylation levels \[[@CR30], [@CR31]\]. Furthermore, studies with low-dose DNMT inhibitors found that they have powerful immunomodulatory effects to treat graft-versus-host disease by suppressing excessive inflammation \[[@CR32]\]. More interestingly, DNMT inhibitors also exerted anti-inflammatory effects in acute lung injury, acute myocardial infarction, and atherosclerosis models by promoting M2 polarization in macrophages \[[@CR33]--[@CR35]\]. Based on these reports, we postulated that low-dose decitabine could enhance the effects of MSCs in improving glucose homeostasis by more effectively promoting M2 polarization in T2D mice.

To verify this hypothesis, we investigated the effects of umbilical cord-derived mesenchymal stem cells (UC-MSCs) combined with low-dose decitabine in mice with T2D induced by a high-fat diet (HFD) and streptozotocin (STZ) injection. Low-dose decitabine significantly enhanced the regulation of glucose homeostasis by UC-MSCs by promoting M2 polarization, attenuating adipose tissue inflammation, and improving insulin sensitivity in T2D mice. In addition, the beneficial effects of combined therapy were further confirmed in vitro by cocultivation of UC-MSCs and bone marrow-derived macrophages (BMDMs). Moreover, this process involved the activation of the IL4R-STAT6-PPARγ pathway. Therefore, we suggest that low-dose decitabine can be an effective therapeutic strategy to enhance the effects of MSCs in T2D treatment.

Methods {#Sec2}
=======

Animals and treatment groups {#Sec3}
----------------------------

Eight-week-old male C57BL/6 mice obtained from the Chinese PLA General Hospital were housed for 5 days in a cage with a 12:12-h light/dark cycle at an ambient temperature of 22--25 °C. Then, mice were given a HFD (Research Diets, New Brunswick, NJ, USA, D12492) or normal chow diet (NCD) for 8 weeks. To obtain the T2D model, we intraperitoneally injected 100 mg/kg STZ (Sigma-Aldrich, St. Louis, MO, S0130) into HFD-fed mice. One week after STZ injection, mice that showed fasting glucose levels of ≥ 16.7 mmol/L were considered T2D mice as previously described \[[@CR36]--[@CR38]\]. Intraperitoneal glucose tolerance tests (IPGTTs) and insulin tolerance tests (IPITTs) were performed to confirm the T2D model. For IPGTT or IPITT, mice were fasted overnight and intraperitoneally injected with glucose (1.5 g/kg) or insulin (1 U/kg), and blood glucose was measured every 30 min up to 120 min. T2D mice were divided into the following groups with 18 mice in each group: the T2D with PBS infusion group (T2D group), T2D with MSC infusion group (MSC group), T2D with decitabine administration group (DAC group), and T2D with MSC and decitabine infusion group (MSC + DAC group, experimental control). Mice were administered PBS or UC-MSCs (1 × 10^6^ UC-MSCs in 0.2 mL PBS) once via the tail vein or decitabine (0.25 mg/kg of body weight in PBS) (Xi'an Janssen, China, H20181217) via intraperitoneal injection every day for 5 days. In addition, standard chow diet mice were used as the normal group. One week, 2 weeks, and 4 weeks later, IPGTTs and IPITTs were performed again to assess the effects of UC-MSCs and decitabine. The mice were sacrificed at indicated time points. Six mice per group were examined for each time point. All protocols were approved by the medical ethics committee of the Chinese PLA General Hospital.

Cell culture {#Sec4}
------------

UC-MSCs were isolated from human umbilical cords that were freshly collected from patients who delivered babies in the Chinese PLA General Hospital. Consents were signed by all the patients, and ethical approval was obtained from the Ethics Committee of the Chinese PLA General Hospital. UC-MSCs were processed, purified, and confirmed as previously described \[[@CR39], [@CR40]\]. Briefly, after removing the adventitia and vascular fraction, the Wharton rubbers from human umbilical cords were minced into 1 mm × 1 mm pieces and then cultured in medium under 5% CO~2~ at 37 °C. Once reached sub confluence, supernatant was removed and cells adhering to the dishes were digested and subjected to passage.

BMDMs were isolated from the bones of 6-week-old C57BL/6 mice. Femurs and tibias were freshly collected, and BMDMs were produced by flushing the bone marrow from the bones with RMPI-1640 medium. After centrifuge at 1000 rpm/min for 5 min, the pellet was resuspended and cultured in fresh RMPI-1640 medium supplemented with 10% fetal calf serum (Gibco, Grand Island, 10099-044), 1% penicillin-streptomycin (Gibco, PS2004HY), and 100 ng/ml M-CSF (R&D Systems, MN, USA, 416ML-500) at 37 °C in 5% CO~2~. Culture medium was replaced by fresh one every 3 days. On the seventh day, lipopolysaccharide (LPS, 100 ng/mL, Sigma-Aldrich, St. Louis, MO, L4516) and interferon-γ (IFN-γ, 50 ng/mL, Prime Gene Bio-Tech, Shanghai, China, 126-06) were added to stimulate the macrophages. Twenty-four hours later, the stimulated macrophages were treated by decitabine (10 nmol/L) alone or decitabine plus UC-MSCs (5 × 10^4^) in a transwell co-culture system for 48 h. Flow cytometry was used to identify the BMDMs by staining with anti-F4/80 (eBioscience, San Diego, CA, USA, Clone: BM8, 12-4801-82).

Histopathology and immunofluorescence staining {#Sec5}
----------------------------------------------

Epididymal fat was harvested at indicated time points (six mice per group for each time point). The epididymal adipose tissues were fixed in formalin and embedded with paraffin. Sections were cut at 6 μm and stained with hematoxylin-eosin (HE) according to a standard protocol. The size of adipocytes was measured using digital image analysis. For immunofluorescence, the adipose tissues were fixed in 4% paraformaldehyde, dehydrated with 50% sucrose, and embedded in OCT (Sakura, Finetek, USA, 4583). Frozen sections (10 μm thick) (3 slides per mouse) were blocked in BSA and incubated overnight at 4 °C with primary antibodies against Fizz1 (Abcam, San Francisco, USA, ab39626) or iNOS (Abcam, ab15323), followed by incubation with Alexa Fluor 488/594-conjugated secondary antibodies (Invitrogen, A21203, A31556, A-32766) at room temperature for 2 h. Finally, 4,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, St. Louis, MO, B2261) was added. Sections were observed using a confocal laser scanning microscope (Olympus FluoView 1000, Tokyo, Japan, TCSSP8). BMDMs were plated onto glass coverslips and fixed with 4% paraformaldehyde. The next steps were performed as described above.

Quantitative real-time RT-PCR {#Sec6}
-----------------------------

Total RNA was extracted from adipose tissues and isolated cells using TRIzol reagent (Thermo Fisher, USA, 15596026) and reverse transcribed into cDNA with a reverse transcription kit (Thermo, Scientific, CA, USA, \#K1622) according to the manufacturer's instructions. Real-time PCR analysis was performed using Power SYBR Green RT-PCR Reagent (Applied Biosystems, Carlsbad, CA, 83700) on an ABI Prism thermal cycler model Step One Plus (Applied Biosystems, CA, USA, ABI 7500). The thermal cycling program was 95 °C for 30 s, followed by 62 °C for 30 s and 72 °C for 30 s for 40 cycles. Melting curve analysis was performed to ensure the specificity of the primers. β-actin was used as a reference gene in each reaction. The PCR primers are listed in the supplement.

Western blotting {#Sec7}
----------------

Total protein was extracted from samples of adipose tissue and isolated cells using a PRO-PREP Protein Extraction Kit (iNtRON Biotechnology, Kyungki-Do, Korea, 01434/40116). Aliquots containing 50 mg protein were separated by 8% SDS-PAGE. The primary antibodies were total or phosphorylated AKT (Ser473) (p-AKT), iNOS, Arg-1, PPARγ, total or phosphorylated STAT6 (Tyr641) (p-STAT6), and total or phosphorylated STAT3 (Tyr705) (p-STAT3). Total or phosphorylated AKT (Ser473) (p-AKT) (4685s and 4060s), total or phosphorylated STAT6 (Tyr641) (p-STAT6) (ab32520 and ab28829), and total or phosphorylated STAT3 (Tyr705) (p-STAT3) antibodies (12640S and 9145S) were from Cell Signaling Technology; iNOS (ab 15323) and Arg-1 (Ab60176) antibodies were from Abcam; and PPARγ antibodies (sc-7273) were from Santa Cruz Biotechnology. Goat anti-rabbit (ZB-2301), goat anti-mice (ZB-2305), and rabbit anti-goat IgG (ZB-2306) secondary antibodies were used. Blots were analyzed using ImageJ software (NIH, MD, USA).

Morphology analysis and quantification {#Sec8}
--------------------------------------

A total of 10 consecutive 10-μm sections were cut through each epididymal white adipose tissue with an interval of 50 μm. The sections were then subjected to immunofluorescent staining. Pictures were taken by fluorescent microscopy, and the number of cells in each cell type was manually counted. Samples from 6 mice were included.

Statistical analyses {#Sec9}
--------------------

All experiments were repeated at least three times. All data are presented as the means ± SD. The statistical analyses were performed using SPSS v.14.0.1 software for Windows. Differences between means were assessed using one-way analysis of variance (ANOVA). Group differences at the level of *P* \< 0.05 were considered statistically significant.

Results {#Sec10}
=======

Anti-diabetic effect of UC-MSCs was enhanced by low-dose decitabine {#Sec11}
-------------------------------------------------------------------

The effect of combination therapy with low-dose decitabine and UC-MSCs on the improvement in glucose homeostasis was tested in a T2D mouse model. The model was induced by a HFD combined with a low dose of STZ as previously reported \[[@CR38]\] and confirmed by elevated blood glucose of more than 16.7 mmol/L (Additional file [1](#MOESM1){ref-type="media"}: Figure S1A). Deterioration in glucose metabolism and reduced insulin sensitivity were assessed by IPGTT (Additional file [1](#MOESM1){ref-type="media"}: Figure S1B) and IPITT, respectively (Additional file [1](#MOESM1){ref-type="media"}: Figure S1C). UC-MSCs were isolated from human umbilical cords, and their characteristics were identified by phenotypes and the potential to differentiate into adipocytes and osteoblasts (Additional file [1](#MOESM1){ref-type="media"}: Figure S2). Established T2D mice were randomly divided into the following groups: the T2D group (received PBS infusion), MSC group (received UC-MSC infusion), DAC group (received decitabine administration), and MSC + DAC group (received UC-MSCs and decitabine infusion). Standard chow diet-fed mice served as normal controls. After treatment, we monitored the blood glucose in each group for 4 weeks. Mice in the T2D group continued to be severely hyperglycemic (27.9 ± 0.4 mmol/L) throughout the experiment. In the MSC group, the blood glucose began to decline immediately after UC-MSC infusion and dropped to the lowest point (23.8 ± 0.8 mmol/L) at 1 week. However, the blood glucose gradually recovered and returned to the pretreatment level at 2 weeks. Interestingly, the hypoglycemic effect of the combination therapy was comparable to that of the MSC group at 1 week, but instead of a gradual increase, the blood glucose level continued to decrease over the next 3 weeks until the end of the observation (19.7 ± 0.94 mmol/L) (Fig. [1](#Fig1){ref-type="fig"}a). Nevertheless, no decline in blood glucose was observed in the single decitabine treatment group. Accordingly, fasting serum blood glucose and serum insulin concentrations (Fig. [1](#Fig1){ref-type="fig"}b, c) were examined at 1 week, 2 weeks, and 4 weeks after treatment. Consistent with the above results, the increase in the serum insulin concentration by UC-MSCs was observed at 1 week only and could not be detected at 2 weeks, while the improvement in islet secretion function in the MSC + DAC group remained significant at 4 weeks compared to that in the T2D group (Fig. [1](#Fig1){ref-type="fig"}c). Moreover, the results of IPGTTs and IPITTs showed that after the addition of decitabine, the improvement in glucose tolerance and insulin sensitivity by UC-MSCs was extended from 1 to 4 weeks (Fig. [1](#Fig1){ref-type="fig"}d, e). Together, these results demonstrated that low-dose decitabine could prolong and enhance the effect of UC-MSCs in improving glucose homeostasis in T2D mice. Fig. 1Decitabine enhances and prolongs the anti-diabetic effects of UC-MSCs in T2D mice. T2D mice were randomly divided into the following groups: the T2D group (received PBS infusion), MSC group (received UC-MSC infusion), DAC group (received decitabine administration), and MSC + DAC group (received UC-MSC and decitabine infusion). Mice fed with a NCD served as the control (the normal group). **a** Blood glucose levels were detected consecutively after STZ injection. At 1 week, 2 weeks, and 4 weeks after treatment, the serum blood glucose (**b**) and serum insulin (**c**) concentrations of each group were measured. **d** Glucose tolerance was assessed by IPGTT. **e** Insulin tolerance was evaluated by IPITT. For IPITT, the results are presented relative to the initial blood glucose concentration. Values of **a**--**e** are the means ± SD; *n* = 6 mice per group; \**P* \< 0.05, \*\**P* \< 0.01. STZ, streptozotocin; T2D, type 2 diabetes; MSC, mesenchymal stem cells; DAC, decitabine; M+D, mesenchymal stem cells combined with decitabine; IPGTT, intraperitoneal glucose tolerance test; IPITT, intraperitoneal insulin tolerance test.

Insulin sensitivity was improved by a combination of UC-MSCs and low-dose decitabine {#Sec12}
------------------------------------------------------------------------------------

Previous studies have shown that MSCs treat T2D mainly by improving insulin sensitivity \[[@CR13]\]. Thus, we wanted to investigate whether UC-MSCs plus decitabine further enhanced this effect. First, we examined the homeostasis model assessment of the insulin resistance (HOMA-IR) index for each group. At 1 week after treatment, compared with the T2D group, both the UC-MSC alone and UC-MSC plus decitabine groups showed a significant reduction in the HOMA-IR index (*P* \< 0.01), and there was no significant difference between the two groups (Fig. [2](#Fig2){ref-type="fig"}a). Interestingly, compared to the MSC group, the MSC + DAC group exhibited a lower HOMA-IR index at 2 weeks (Fig. [2](#Fig2){ref-type="fig"}b), and this positive effect remained at the end of the study (4 weeks) (Fig. [2](#Fig2){ref-type="fig"}c). However, the effect of UC-MSCs completely disappeared at 2 weeks (Fig. [2](#Fig2){ref-type="fig"}b), indicating that systemic insulin sensitivity was further improved by UC-MSCs combined with decitabine. Second, we detected insulin signaling by examining the expression of p-AKT and AKT in adipose tissues, which are the most critical tissue in the initiation and development of insulin resistance. Western blot analysis showed that similar to the results of the HOMA-IR index, at 1 week after treatment, compared with T2D, both UC-MSCs alone and UC-MSCs plus decitabine significantly increased p-AKT expression (*P* \< 0.05), and there was no significant difference between the two groups (Fig. [2](#Fig2){ref-type="fig"}d). However, at 2 weeks, combination therapy induced 181.5% higher expression of p-AKT (*P* = 0.001) than did UC-MSCs alone (Fig. [2](#Fig2){ref-type="fig"}e). Moreover, UC-MSCs combined with decitabine treatment but not UC-MSCs alone remained effective at 4 weeks (Fig. [2](#Fig2){ref-type="fig"}f). Additionally, decitabine monotherapy improved insulin sensitivity at certain time points, supporting our hypothesis that decitabine may have an effect on insulin resistance via regulation of macrophage polarization. These results confirmed that low-dose decitabine could effectively enhance the effects of UC-MSCs in improving insulin sensitivity in T2D mice. Fig. 2Decitabine enhances the effects of UC-MSCs on improved insulin resistance. **a**--**c** HOMA-IR assessment of mice in each group at 1 week (**a**), 2 weeks (**b**), and 4 weeks (**c**) after treatment for systematic insulin resistance. HOMA-IR index = (FBG \[in mmol/L\] × FINS \[in units/L\])/22.5. **d**--**f** Immunoblotting analysis of p-AKT and total AKT expression in epididymal adipose tissue at 1 week (**d**), 2 weeks (**e**), and 4 weeks (**f**) after treatment. The ratios of p-AKT to total AKT were quantitated. Values are the means ± SD; *n* = 6 mice per group; \**P* \< 0.05, \*\**P* \< 0.01. p-AKT, phosphorylated AKT

Adipose tissue inflammation was further attenuated by combination treatment with decitabine {#Sec13}
-------------------------------------------------------------------------------------------

Given the close association between adipose tissue inflammation and insulin resistance, we subsequently examined the inflammatory state of adipose tissue. First, we examined the pathology of epididymal adipose tissue. HE staining showed obviously enlarged adipocytes in diabetic mice. After UC-MSC infusion, the average size of adipocytes significantly decreased at 1 week and remained smaller than that of the T2D group at 2 weeks. However, at 4 weeks, there was no difference between the MSC and T2D groups. Notably, treatment with MSC + DAC exerted a more pronounced and durable size reduction effect, and the average adipocyte size was reduced to 35.4% of that in T2D mice by the fourth week (Fig. [3](#Fig3){ref-type="fig"}a). Furthermore, we examined the gene expression of inflammation-related molecules in epididymal adipose tissue (Fig. [3](#Fig3){ref-type="fig"}b). As shown in Fig. [3](#Fig3){ref-type="fig"}b, the expression of pro-inflammatory genes, such as MCP1, TNFα, IL-1β, and IL-6, was increased in T2D mice. UC-MSC infusion inhibited the expression of the above pro-inflammatory cytokines within 2 weeks, but this inhibitory effect disappeared at 4 weeks after treatment. However, UC-MSCs combined with decitabine resulted in an overall decrease in the above pro-inflammatory genes throughout the experimental course. Moreover, the expression of the anti-inflammatory genes IL-4 and IL-10 was more elevated in the MSC + DAC group than in the MSC group (Fig. [3](#Fig3){ref-type="fig"}b). These data indicated that combination therapy with UC-MSCs and decitabine could more effectively attenuate adipose tissue inflammation. Fig. 3UC-MSCs combined with decitabine more effectively ameliorated inflammation in adipose tissue. **a** Representative HE staining of adipose tissue from the normal, T2D, MSC, DAC, and MSC + DAC groups. Scale bar = 200 μm. The size of adipocytes was measured using digital image analysis. **b** Quantitative reverse transcriptase polymerase chain reaction analysis of inflammation-related gene expression in adipose tissue from five groups; the results are presented relative to those of T2D mice. Values are the mean + SD; *n* = 6 mice per group, \**P* \< 0.05; \*\**P* \< 0.01

UC-MSCs combined with low-dose decitabine upregulate M2 macrophages in adipose tissue {#Sec14}
-------------------------------------------------------------------------------------

Next, we examined the effects of UC-MSCs combined with decitabine on macrophages in adipose tissue, which has remained our primary focus. Immunofluorescent staining showed a large increase in iNOS-positive cells (M1 macrophage maker) and fewer Fizz1-positive cells (M2 macrophage maker) in T2D mice than in normal control mice, consistent with previous studies \[[@CR15], [@CR16]\]. In the MSC group, the expression of iNOS significantly decreased at 1 week and remained at a lower level at 2 weeks, although the difference between the MSC and T2D groups was reduced. At the fourth week after UC-MSC administration, this downregulation effect disappeared completely. Remarkably, UC-MSCs combined with decitabine resulted in fewer iNOS-positive cells than did UC-MSC treatment at 1 week, 2 weeks, or 4 weeks (Fig. [4](#Fig4){ref-type="fig"}a). Accordingly, we examined the effect of combination therapy on M2 macrophages in epididymal fat. Immunofluorescence showed that the increase in Fizz1-positive cells in the MSC group was observed at 1 week only compared with that in the T2D group. In contrast, combination treatment markedly increased Fizz1 expression in adipose tissue at 1 week, 2 weeks, or 4 weeks after treatment (Fig. [4](#Fig4){ref-type="fig"}b). Additionally, in the DAC group, the expression of iNOS was partially downregulated, but the expression of Fizz1 was not significantly changed compared to those in the T2D group (Fig. [4](#Fig4){ref-type="fig"}a, b). Furthermore, more macrophage markers were detected by RT-PCR analysis. The results revealed that the treatment of UC-MSCs combined with decitabine induced much lower expression of M1 macrophage-related genes (NOS2 and CD11c), as well as higher expression of M2 macrophage markers (Arg-1 and CD206) over the entire study period (Fig. [4](#Fig4){ref-type="fig"}c). Taken together, these findings indicated that combined treatment further reduced M1 macrophages in adipose tissue, while the number of anti-inflammatory M2 macrophages significantly increased, accompanied by an improvement in insulin resistance and further alleviation of the associated inflammation. Fig. 4UC-MSCs combined with decitabine induced more M2 macrophages in adipose tissue. **a** Representative of iNOS-positive cells (M1 macrophage maker) in adipose tissue by immunofluorescence and quantification of iNOS-positive cells. Scale bar = 50 μm. **b** Representative images of Fizz1-positive cells (M2 macrophage maker) in adipose tissue by immunofluorescence and quantification of Fizz1-positive cells. Scale bar = 50 μm. The percentage of iNOS-positive cells (**a**) and Fizz1-positive cells (**b**). **a** and **b** were determined by evaluating cells manually from at least five sections of the each slide, at least 3 slides per mouse, at least 6 mice per group. Results were presented as the means ± SD. **c** Quantitative reverse transcriptase polymerase chain reaction analysis of macrophage phenotype-related gene expression in adipose tissue from the normal, T2D, MSC, DAC, and MSC + DAC groups. The results are presented relative to those of T2D mice. Values are mean ± SD; *n* = 6 mice per group, \**P* \< 0.05; \*\**P* \< 0.01

Low-dose decitabine combined with UC-MSCs more effectively polarized M1 macrophages towards M2 macrophages in vitro {#Sec15}
-------------------------------------------------------------------------------------------------------------------

To investigate whether UC-MSCs combined with decitabine directly modulate the macrophage phenotype, we performed an in vitro study using BMDMs from C57BL/6 J mice. First, BMDMs were stimulated with LPS + IFN-γ for 12 h, which promotes maximal expression of pro-inflammatory M1 macrophages \[[@CR38]\]. Next, LPS + IFN-γ-induced BMDMs (M1 macrophages) were treated with UC-MSCs, decitabine, or UC-MSCs + decitabine. As expected, incubation of M1 macrophages with UC-MSCs or decitabine alone resulted in inhibition of the secretion of pro-inflammatory molecules, such as TNF-α, IL-1β, IFN-γ, and IL-6. More importantly, this inhibitory effect was significantly enhanced when M1 macrophages were treated with decitabine after coculture with UC-MSCs (Fig. [5](#Fig5){ref-type="fig"}a). In addition, the expression of anti-inflammatory cytokines (IL-4, IL-10, and TGF-β) showed more improvement in the MSC + DAC group than in the MSC group (Fig. [5](#Fig5){ref-type="fig"}a). Based on these remarkable anti-inflammatory effects of UC-MSCs combined with decitabine, we next analyzed the changes in macrophage markers after MSC + DAC treatment. BMDMs treated by MSC + DAC showed lower expression of NOS2 and CD11c, as well as higher expression of Arg-1 and CD206 compared with those in the MSC group (Fig. [5](#Fig5){ref-type="fig"}b). Immunofluorescence results demonstrated that iNOS-positive cells were reduced by 61.3%, 37.9%, and 83.4% in the MSC-treated, decitabine-treated, and MSC + DAC-treated groups, respectively, compared to those in the LPS + INF-γ group. Additionally, Fizz1-positive cells were increased by 71.0%, 70.8%, and 104.1%, respectively (Fig. [5](#Fig5){ref-type="fig"}c). Consistently, immunoblotting analysis revealed that MSC + DAC administration induced a more profound decrease in iNOS expression by 61.4% compared to that induced by MSC administration (Fig. [5](#Fig5){ref-type="fig"}d), along with a more marked increase in Arg-1 expression by 56.8%. Taken together, these results confirmed that UC-MSCs combined with decitabine could more effectively polarize M1 macrophages to M2 macrophages, thus further suppressing pro-inflammatory properties and promoting anti-inflammatory properties in macrophages. Fig. 5UC-MSCs combined with decitabine more effectively polarized M1 macrophages towards M2 macrophages in vitro. BMDMs were isolated from C57BL/6 and stimulated by LPS and IFN-γ for 12 h (LPS + IFN-γ group). Then, LPS + IFN-γ-induced BMDMs (M1 macrophages) were cultured with 5 × 10^4^ UC-MSCs in a Transwell system for 24 h (MSC group), with decitabine (10 nmol/L) for 48 h (DAC group), or with decitabine for 48 h after coculture with UC-MSCs for 24 h (M+D group). **a** Quantitative RT-PCR analysis of inflammation-related gene expression in macrophages from five groups. **b** Representative macrophage phenotype-related gene expression in macrophages by QT-PCR analysis. **c** Immunofluorescence and quantification of iNOS-positive and Fizz1-positive cells in five groups. Scale bar = 50 μm. Quantification was determined by evaluating cells from at least 5 sections of each slide, at least 3 slides per group. **d** Immunoblotting analysis of iNOS and Arg-1 expression in macrophages. Relative protein levels are quantified by the ratio of iNOS or Arg-1 to β-tubulin. The results are presented relative to those of the LPS + IFN-γ group. Images of **a**--**d** are representatives of three independent experiments. Values are the mean ± SD (*n* = 3) of three individual experiments, \**P* \< 0.05; \*\**P* \< 0.01

Low-dose decitabine combined with UC-MSCs promoted M2 macrophage polarization via the IL-4R/STAT6 axis in a PPARγ-dependent manner {#Sec16}
----------------------------------------------------------------------------------------------------------------------------------

Next, we sought to explore the possible mechanism involved in the effect of MSC + DAC on macrophage polarization. The IL-4/STAT6 signaling axis, which controls alternative macrophage activation, is modulated in a PPARγ-dependent manner \[[@CR19], [@CR41], [@CR42]\]. Therefore, we tested the expression of the IL-4R/STAT6 axis and PPARγ in macrophages in each group. Immunoblotting results showed that the expression of IL-4R, p-STAT6, p-STAT3, and PPARγ was significantly upregulated in the MSC group compared with that in the LPS + INF-γ group (Fig. [6](#Fig6){ref-type="fig"}a). Remarkably, in the MSC + DAC group, IL-4R and p-STAT6 expression levels were further increased (Fig. [6](#Fig6){ref-type="fig"}b, c), and p-STAT3 expression was upregulated by 50.74% compared with those in the MSC group (Fig. [6](#Fig6){ref-type="fig"}d). Moreover, PPARγ expression was 1.06-fold higher in the combination therapy group than in the MSC group (Fig. [6](#Fig6){ref-type="fig"}e), suggesting that the IL-4/STAT6 axis is further activated in a PPARγ-dependent manner by the combined treatment of UC-MSCs and decitabine. Fig. 6UC-MSCs combined with decitabine induced M2 macrophage polarization and activation of the IL-4R/STAT6/PPARγ pathway. **a** Immunoblotting analysis of macrophages from the Con, LPS + IFN-γ, MSC, DAC, and MSC + DAC groups. **b**--**e** Relative protein levels of IL-4R, p-STAT6, p-STAT3, and PPARγ are shown. Images of **a** are representative of three independent experiments. \**P* \< 0.05; \*\**P* \< 0.01

To further clarify the role of PPARγ in the regulation of the macrophage phenotype, we used a PPARγ antagonist, GW9662 (1 μmol/L and 10 μmol/L), to treat BMDMs before UC-MSC or/and decitabine administration. First, we observed that upon GW9662 exposure, the MSC + DAC-mediated activation of PPARγ expression was strongly decreased, especially in the GW9662 10 μM group (Fig. [7](#Fig7){ref-type="fig"}a, b). Interestingly, with the downregulation of PPARγ, the expression of iNOS, which was inhibited by MSC + DAC, was significantly increased. Moreover, the increase in Arg-1 was strongly reduced (Fig. [7](#Fig7){ref-type="fig"}a, c). A similar effect of the PPARγ antagonist on the regulation of iNOS and Fizz1 expression was also confirmed by immunofluorescence staining (Fig. [7](#Fig7){ref-type="fig"}d, e). Fig. 7The effect of MSC + DAC on macrophage polarization is dependent on PPARγ activation. BMDMs were cultured alone (con group) or stimulated by LPS and IFN-γ for 12 h (LPS + IFN-γ group). LPS + IFN-γ-induced macrophages were treated with UC-MSCs (MSC group), decitabine (DAC group), UC-MSCs combined with decitabine (M+D group), or GW9662 (1 μmol/L or 10 μmol/L) for 24 h before coculture with M+D (GW9662 1 μM or 10 μM). **a** Immunoblotting analysis of macrophages among seven groups. **b**, **c** Relative protein levels of PPARγ, iNOS, and Arg-1 are shown. **d**, **e** Immunofluorescence and quantification of iNOS and Fizz-1 in macrophages from six groups. Images of **a** and **e** are representative of three independent experiments. \**P* \< 0.05; \*\**P* \< 0.01. **f** A scheme of IL4R/Stat6 axis controlling alternative (M2) activation. GW9662, PPARγ antagonist

Altogether, these results revealed that low-dose decitabine combined with UC-MSCs possibly affected the IL-4/STAT6 signaling axis by increasing PPARγ expression, thereby promoting M2 polarization (Fig. [7](#Fig7){ref-type="fig"}f).

Discussion {#Sec17}
==========

According to recent clinical and experimental data, MSCs can effectively improve insulin resistance and ameliorate hyperglycemia, representing a promising therapy for T2D \[[@CR12], [@CR13], [@CR20]\]. However, the beneficial response to a single MSC infusion in both diabetic models and patients usually occurs immediately and is maintained for a limited time \[[@CR21]--[@CR23]\]. This relatively temporary role has led many people in the field to explore effective approaches to strengthen or prolong the anti-diabetic effects of MSCs \[[@CR43], [@CR44]\]. In the present study, we administered low doses of decitabine combined with UC-MSCs to T2D mice induced by HFD and STZ administration. Based on our results, low doses of decitabine combined with MSCs induced much lower blood glucose than did T2D and MSCs alone, and these lower blood glucose levels lasted much longer than did those induced by a single MSC infusion (at least 4 weeks after treatment). Moreover, compared with MSC-treated mice, MSC + DAC-treated mice showed lower HOMA-IR, paralleling the increase in peripheral insulin sensitivity, and greater improvement in IPGTT and IPITT. Taken together, our findings suggest that decitabine combination therapy could effectively improve insulin sensitivity and enhance the anti-diabetic effects of MSCs in T2D mice. Besides, the dose of decitabine (0.25 mg/kg/day) used in this study is similar to the low dose recommended for clinical use in humans \[[@CR45]\], much lower than that used in previous rodent-based studies \[[@CR46]\], indicating that the combination of MSCs and decitabine could be safe for T2D.

According to our previous results, MSCs precisely alleviated chronic inflammation in T2D by eliciting M1 macrophage to M2 macrophage phenotype (M2) in adipose tissue \[[@CR20]\]. Low-dose DNMT inhibitors had been reported promoting M1 macrophages to M2 polarization and suppressed excessive inflammation in the acute lung injury, acute myocardial infarction, and atherosclerosis model \[[@CR33]--[@CR35]\]. These observations prompted us to investigate whether decitabine combined with MSCs further promotes the conversion of M1 macrophages into M2. First, in vitro, decitabine was effective in promoting the polarization of M1 macrophages to M2 macrophages, in agreement with previous analyses. Remarkably, compared with MSCs alone and decitabine alone, decitabine combined with MSCs strongly upregulated M2 marker expression and inhibited M1 marker expression in LPS + IFN-γ-induced BMDMs. Moreover, these MSC + DAC-primed M2 macrophages exhibited more pronounced anti-inflammatory properties. Second, we examined the impact of MSC + DAC on macrophage phenotype in vivo. Decitabine monotherapy reduced iNOS expression for a period of time but did not influence the expression of Fizz1. However, decitabine combined with MSCs resulted in pronounced inhibition of the expression of the M1 macrophage marker iNOS in adipose tissue, while the expression of Fizz1, an M2 macrophage marker, was further increased in T2D mice, even compared to the MSC group. Moreover, adipose tissue inflammation in the MSC + DAC group was much lower than that in MSC group, suggesting that decitabine plus MSCs can further prime M1 macrophages into M2 macrophages and reduce macrophage-related chronic inflammation in T2D mice.

In this study, after MSC infusion, insulin sensitivity and glucose metabolism in T2D mice were significantly improved within 1 week, and the hypoglycemic effect gradually disappeared, consistent with previous studies \[[@CR13], [@CR21]\]. Excitingly, in the MSC + DAC group, impaired glucose tolerance and serum blood glucose levels were much lower than those in the MSC group after 2 weeks, followed by further downregulation of M1 macrophage marker genes and upregulation of M2 macrophage marker genes in adipose tissue. This result is in line with previous analyses suggesting that enhancing M2 macrophages could potentially maintain insulin sensitivity and improve glucose homeostasis \[[@CR17], [@CR42]\]. Insulin resistance has been identified as a chronic inflammation primarily mediated by ATMs, which manifested by an increase in M1 macrophages and a decrease in M2 macrophages \[[@CR14]--[@CR16]\]. Macrophage polarization towards M2 macrophages contributes to an improvement in insulin sensitivity \[[@CR17], [@CR19]\]. A study with 5-azadC showed that the demethylating agent can suppress ATM inflammation and improve insulin sensitivity in ob/ob mice \[[@CR47]\]. Moreover, our previous data revealed that MSC-induced M2 macrophages reversed the insulin resistance caused by M1 macrophages in vitro \[[@CR20]\]. Therefore, we have a reason to believe that the further improvement of insulin resistance by combination therapy was attributed to the immunomodulatory effects on macrophage phenotypes. Although treatment with decitabine alone increased the expression of p-AKT in adipose tissue at 2 weeks only without any effect on the HOMA-IR index and did not reduce blood glucose in T2D mice. And this is inconsistent with the previous study in ob/ob mice \[[@CR47]\], may be attributed to different drugs and different animal models used in the two studies.

IL-4R-STAT3/STAT6-PPAR-γ axis regulates the polarization of alternatively activated macrophages (M2) and plays a significant role in the resolution of inflammation and maintenance of insulin sensitivity \[[@CR48], [@CR49]\]. Odegaard et al. \[[@CR22]\] reported that disruption of IL-4R signaling in myeloid cells impaired alternative macrophage activation. As the downstream of IL-4R signaling, STAT6's KO significantly suppressed the expression of M2 macrophage markers in adipose tissue. Similar with STAT6, STAT3 also regulates M2-like macrophage phenotype as a downstream protein of IL-4R signaling \[[@CR42], [@CR50]\]. In addition, myeloid-specific PPAR-γ knockout impairs M2 macrophage polarization and an intact IL-4R/STAT6/PPARγ axis is required for the maturation of alternatively activated adipose tissue macrophages \[[@CR22]\]. Based on the reports above, we next investigated whether decitabine combined with MSCs affected the IL-4R-STAT6-PPAR-γ pathway. Our results show that the expression of IL-4R, p-STAT6, p-STAT3, and PPAR-γ was significantly upregulated in the MSC + DAC group compared with that in the LPS + INF-γ and MSC groups. Furthermore, cocultivation of M1 macrophages undergoing M2 differentiation with the PPAR-γ antagonist GW9662 completely abolished the regulation of iNOS and Arg-1 expression by MSC + DAC, indicating that the observed effects of MSC + DAC are PPAR-γ dependent. Nevertheless, the precise mechanisms of the effect of MSC + DAC on PPAR-γ expression remain poorly understood.

In this study, we used decitabine plus MSCs to treat T2D mice, and we found that decitabine plus MSCs downregulated the blood glucose and the low glucose level maintained longer. This remarkable and persistent hypoglycemic effect of MSC + DAC may attribute to their regulation of macrophage polarization. How MSC + DAC regulates macrophage polarization and what happens to MSCs after injection in vivo remain unclear. We investigated the homing of UC-MSCs by injecting CM-Dil-labeled UC-MSCs into HFD + STZ-induced T2DM mice. One week later, whether MSCs alone or MSCs plus decitabine, no CM-Dil-positive cells were found in adipose tissue, and very few CM-Dil-positive cells were found in the lung and liver in either group (Additional file [1](#MOESM1){ref-type="media"}: Figure S4**)**, at least indicating that the effect of MSCs on macrophage polarization does not attribute to the direct interaction between MSCs and macrophages, and the enhanced anti-diabetic effect by decitabine does not depend on the homing of MSCs into targeted organ. The precise mechanisms are now under investigation in our group.

Conclusions {#Sec18}
===========

In conclusion, decitabine combined with UC-MSCs attenuated insulin resistance more effectively and enhanced the anti-diabetic effects of MSCs in T2D mice, and this effect was partially attributed to directing macrophages into M2 phenotype via increasing PPARγ expression. This illustrated that decitabine may be an applicable addition to MSCs for diabetes therapy. Our study also suggested that modulation of the macrophage phenotype may be a novel therapeutic target in the treatment of T2D.

Additional file
===============

 {#Sec19}

Additional file 1Table S1. Primer sequences of target genes (mice). Figure S1. Induction of the T2D mouse model. The T2D mouse model was induced by a combination of an 8-week HFD and a single intraperitoneal injection of low-dose STZ (100 mg/kg). a Blood glucose was consecutively detected after STZ injection. One week after STZ injection, IPGTT (b) and IPITT (c) were performed to confirm the establishment of the T2D mouse model. For IPITT (c), the results are presented relative to the initial blood glucose levels. The results are presented as the means ± SD. \**P* \< 0.05, \*\**P* \< 0.01. Figure S2. Identification of UC-MSC characteristics. UC-MSCs were isolated and identified from full-term fetal umbilical cords. a The morphology of UC-MSCs. (B-C): Multilineage differentiation of MSCs: adipocytic differentiation (b) was detected by Oil Red O staining; osteoblastic differentiation (c) was confirmed by Alizarin Red staining; Scale bar 50 μm. (d--f): Immunological phenotypes of MSCs: cultured UC-MSCs consisted of a homogenous mesenchymal population that stained positive for CD90 in 99.76% of cells (d) and CD105 in 99.79% of cells (e) but negative for CD45 (f), which met the international definition of MSCs. Figure S3. Biological characteristics and identification of bone marrow-derived macrophages (BMDMs). BMDMs were isolated and cultured in RMPI-1640 supplemented with 100 ng/ml M-CSF. a The morphology of macrophages. b Flow cytometry analyses showed that the positive rate of F4/80 in bone marrow-derived cells was over 95%. (c, d): M1 macrophage induction, after stimulation with LPS (100 ng/ml) and IFN-γ (50 ng/ml) for 24 h, and the morphology of macrophages (c). The positive rate of CD11c in BMMCs was over 95% (d). Abbreviations: BMDMs, bone marrow-derived macrophages. M-CSF, macrophage colony-stimulating factor. Figure S4. UC-MSCs combined with decitabine did not influence UC-MSCs homing in T2DM mice. UC-MSCs were CM-Dil (red) labeled in advance. Successfully induced type 2 diabetic mice were treated with UC-MSCs or UC-MSCs combined with decitabine. One week after the infusion, detection of UC-MSCs in the adipose tissue, liver, and lung of T2DM recipients using a confocal laser scanning microscope. Scale bar, 100 μm (A) and 50 μm (B). Values are presented as the means ± SD. ns, no significant difference. (DOCX 2295 kb)
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:   Adipose tissue macrophages

BMDMs

:   Bone marrow-derived macrophages

DAC

:   Decitabine

DNMTs

:   DNA methyltransferases

HFD

:   High-fat diet

HOMA-IR

:   Homeostasis model assessment of the insulin resistance

IFN-γ

:   Interferon-γ

IPGTT

:   Intraperitoneal glucose tolerance tests

IPITT

:   Intraperitoneal insulin tolerance test

LPS

:   Lipopolysaccharide

M+D

:   UC-MSCs combined with decitabine

MSCs

:   Mesenchymal stem cells

PBS

:   Phosphate-buffered saline

PPARγ

:   Peroxisome proliferator-activated receptor gamma

STZ

:   Streptozotocin

T2D

:   Type 2 diabetes

TZD

:   Thiazolidinedione

UC-MSCs

:   Umbilical cord-derived mesenchymal stem cells
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